Introduction
Air pollution is the single largest environmental health risk in Europe (EEA, 2015) and particulate 3 matter (PM) has become a major concern for public health (WHO, 2015) . The European Union 4 (EU) limit and target values for particulate matter continued to be exceeded in large parts of Europe 5 in 2013 (EEA, 2015) . Recent studies based on scenario analysis have assessed the likelihood that 6 the World Health Organization (WHO) air quality standards and limits will be met in the future, and 7 what factors this may depend on, both at the European (for example, Kiesewetter et al., 2014 and 8 2015) and at the national level (Oxley et al., 2013; Vieno et al., 2016) .
9
The cost-effectiveness approach has in recent years been applied in defining several European air 10 pollution policies. This method has replaced earlier approaches to burden sharing, such as a uniform 11 emission reduction target for all negotiating parties, which was adopted in the earlier stages of 12 European air pollution control (Hordijk and Amann, 2007; Tunistra, 2007) . In subsequent policy 13 processes, cost-effectiveness and effect-based principles became the rationale to derive quantitative 14 and differentiated national reduction targets based on the carrying capacity of vulnerable 15 ecosystems (Amann et al., 2011a; Wagner et al., 2013a; Wagner et al., 2013b) . The cost-16 effectiveness and effect-based principles have also been recently applied to the revision of the 17 Gothenburg Protocol (Amann et al., 2011b) , the review of the Thematic Strategy on Air Pollution 18 (Amann et al., 2013) whose results lead to the adoption of the "Clean Air Policy Package" (COM, 19 2013; Amann et al., 2014a) and to the revision of the National Emission Ceilings (NEC) Directive 20 (Amann et al., 2015) .
21
Our analysis is focused on Italy, and we use the GAINS-Italy model (Greenhouse Gas and Air Modeling System (AMS) and the national GAINS-Italy. They interact in a feedback system through 10 the Atmospheric Transfer Matrices (ATMs) and the RAINS-Atmospheric Inventory link (RAIL).
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GAINS-Italy is the MINNI (National
11
In the present paper we analyze alternative cost-effectiveness approaches to reducing PM2 and a chemical box model (Kiesewetter et al., 2014 and 2015) .
16
In the Italian MINNI system a different path has been followed. The AMS simulates meteorological 17 fields and computes gas and aerosol transport, diffusion and chemical reactions in atmosphere 18 (Mircea et al., 2014 baseline (COB) scenario, that represents the most cost-effective way to reach the baseline emission 28 level (Wagner et al., 2013a) . All costs reported in this paper are costs relative to the COB scenario; 29 this is consistent with the GAINS policy analysis for international negotiations.
30
In GAINS an environmental impact indicator for target setting can be defined either at the grid cell 31 or at a more aggregated level. Multiple types of targets can be defined simultaneously. Here our 32 focus is on three alternative target setting approaches that have been used widely in air pollution 33 policy. which showed an average contribution of transboundary pollution both for PM10 and NO 2 less than 9 30% for the whole Italian territory with higher peaks at the boundaries. Thus, costs and benefits 10 tend to be localized and correlated. The advantage of this target setting approach is that the air 11 quality can directly be monitored and compared to the target value.
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In the second approach, the 'local gap closure' procedure, costs and benefits tend to be more evenly and 2030 (by 56%, 54% and 38%, respectively), while for PM2.5 (12%) and NH 3 (11%) the M A N U S C R I P T
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Page 8 of 20 reductions are smaller. The MTFR scenario shows, however, that also these two pollutants could be 1 reduced significantly (by 55% for PM2.5 and 51% for NH 3 ). However, the WHO limit of 10 µg/m 3 cannot be attained everywhere, even in the MTFR scenario.
15
Thus, only with additional changes in the energy system this limit could be attained. At a more aggregated geographical level (North, Centre, South and the two islands, and the average 8 national data), Table 3 and 24 µg/m 3 in GC and HEALTH, respectively, and is thereby up to 15% and 20% higher than in 10 the ABS scenario ( fig. 5 ). However, in both GC and HEALTH, in most areas the concentration 11 level would be lower than ABS. Thus, we estimate that the number of people exposed to more than At the regional scale, in the 2030 baseline scenario the population in the northern area is largely 9 exposed to higher PM2.5 concentrations and only 5% of the population is exposed to less than 10 10 µg/m 3 while 25% of the population is exposed to over 20 µg/m 3 . For the south and islands this share 11 is only 12%, while in the central area no part of the population is exposed to more than 20 µg/m 3 . In 12 the three policy scenarios, the share of people in the north exposed to less than 10 µg/m 3 does not 13 vary, indicating that all three policy options generally improve higher concentration areas. In fig. 7 we show the emission reduction cost curve over a 7 range of target levels of PWEL for the three target setting approaches. 
11
The blue curve was generated by setting more and more ambitious absolute concentration targets 12 (the lowest level that could be achieved in every grid is 16 µg/m 3 ), while the red (green) curve was 13 generated by increasing the gap closure value from zero to 100% for the PM2.5 concentration level 14 in each grid cell (the total national YOLL). We observe that to reach the same health impact levels In addition, we have compared the emission control costs required for a 60% reduction in health 6 impact for the GC and HEALTH. We have found ( fig. 9 ) that GC costs are consistently 50-60% 7 higher than in HEALTH costs, across all meteorologies considered here. Thus, applying the gap 8 closure approach directly to the health impact indicator, rather than the concentration level, is the 9 most cost-effective approach, independently of the meteorology. M A N U S C R I P T
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HIGHLIGHTS
• The GAINS cost-optimization methodology has been applied to the Italian territory.
• Different environmental target setting approaches have been compared.
• A regulatory approach focusing on health impacts rather than on air quality is more costeffective.
• Distribution of costs and benefits for the 20 Italian regions are presented.
